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Abstract: This study evaluates the potential of sewage sludge, farm manure, rock phosphate, and
their composts or biochar as useful materials for phosphorous (P) recovery. An alkaline–calcareous
soil was incubated with different compost-based amendments to discern their impact on the P
sorption characteristics. The treatments examined consisted of sewage sludge (SS), SS biochar (SS-
BC), or composts of SS with rock phosphate (RP) and farm manure (FM) in different ratios, i.e.,
(i) control, (ii) SS, (iii) SS-BC, (iv) SS50:FM50, (v) SS75:FM25, (vi) SS25:FM25:RP50, (vii) SS50:FM25:RP25,
(viii) SS75:FM0:RP25, and (ix) SS50:FM0:RP50. Prior to incubation for 45 days, the composts and biochar
treatments combinations were characterized for elemental composition using Fourier transform
infrared (FTIR) spectroscopy and X-ray diffraction (XRD) spectroscopy. The treated soils were
analyzed for soil pH, electrical conductivity (EC), Olsen’s P, and P adsorption isotherms, at day 5
and 45 of the incubation. Langmuir and Freundlich’s equations were used to calculate P adsorption.
Results showed that there was no significant influence on soil pH for any treatment throughout the
experiment. However, soil EC decreased significantly for all treatments after 5 days of incubation;
however, this effect was diminished after 45 days of incubation. All the treatments significantly
decreased P sorption capacity both at the start (day 5) and end of the incubation (day 45) period
compared to control. The treatment combination SS25:FM25:RP50 recovered the highest Olsen-P
(79.41 mg kg−1). The other treatment combinations including SS and FM also recovered a greater
Olsen’s P compared to the control. However, the sole application of only SS showed lower P recovery
than the control soil, which further decreased with increase in incubation time. These findings
improve our understanding that the stable pool of bioavailable P within an alkaline calcareous soil
can be mobilized by using different organic treatment combinations instead of only SS. However,
further in situ investigations may help to valorize the potential of sewage sludge, farm manure, rock
phosphate, and their composts or biochar to improve P recovery in alkaline–calcareous.
Keywords: adsorption isotherms; alkaline; aridisol; biochar; calcareous soil; phosphorus;
sewage sludge
1. Introduction
Phosphorus (P), a macronutrient required in sufficient amounts in soils to ensure the
productivity of agroecosystems, is becoming depleted, posing a serious threat to global
food security [1,2]. The availability of P to agroecosystems is further lowered in soils with
high P-sorbing capacity [3,4]. Recent developments in global agriculture have led to the
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overuse of P as a result—through application to lands as inorganic P fertilizers, leading to
associated environmental concerns such as eutrophication [5,6]. Thus, the understanding
and management of the complex P biogeochemical cycle processes, which vary greatly
in different soil types and with different soil properties (pH, organic matter, and ionic
concentrations etc.), are of great importance for the effective management of soil properties
for agriculture ecosystems [6–8]. For instance, in calcareous soils that are rich in calcium
carbonate (CaCO3) and with higher pH (8 to 8.5), P is highly reactive with CaCO3 [9].
Reactions between P and CaCO3 lead to precipitation, reducing the availability of P for
plant uptake [10] and further increasing dependence on inorganic P fertilizer applications.
To meet this demand, large quantities of inorganic P fertilizers are manufactured by mining
of non-renewable rock phosphate, which further influences the global P cycle [11]. P
depletion is an increasingly global issue [12,13] and, as such, it has become necessary to
revisit existing agricultural practices to determine new resource management practices that
utilize renewable resources [6,12].
The potential for the use of renewable P resources obtained from waste materials
(e.g., food waste, slaughterhouse waste, crop residues, farm manure, compost, pyrolysis
of inorganic waste for biochar production) has been the subject of increasing research
attention as an option for increasing sustainable P management in agricultural ecosys-
tems [7,13–15]. The P recovery from waste waters or sludges is associated with metals and
pathogens [16,17]. The conversion of farm manure and sewage sludge to biochar generates
additional benefits, which include reduced waste volume, decreased risk of pathogenicity
and organic pollutants, and, most significantly, the conversion of these materials to a stable
carbon form that is resistant to temperature or microbial degradation, and enables the
reduction of greenhouse gas emissions through carbon capture [18–22]. The other benefits
linked with biochar preparation using sludge are value addition, volume change, and
the formation of a stable product [23] and conversion of toxic metals into relatively low
biological available fraction [24].
The effects of crop residues on P transformation in soils is increasingly well under-
stood [25]; however, investigations into the utilization efficiency of other organic P sources
such as compost, sewage sludge, farm manure, biochar and struvite [12,26], and their
interactions with soil P pools are required to model and manage organic P on a sustainable
basis. For instance, the use of organic P resources can affect the soil chemistry, leading to
changes to the P fractions and their quantities [27]. P uptake by maize was reported to be
significantly increased with increasing rate of biochar addition (pine wood and pruning
biochar; at 0, 15 and 30 Mg ha−1) in rain-fed or irrigated treatments in a temperate field
study [28], suggesting that greater water-holding capacity also has an additional role in
organically amended soils. [29] reported that the use of manure and sewage sludge as a
source of organic P prevented the sorption of P, thereby enhancing the recyclability of P
in the soils. Another study by [30] investigated seven organic materials—(i) anaerobic
digestate (AD), (ii) sewage sludge (SS), (iii) green compost (GC), (iv) chicken manure
(CM), (v) food waste compost (FWC), (vi) seaweed, and (vii) biochar)—for their mineral
composition and P speciation. The P leaching/availability for some of the organic sources
(CM, SS, GC, and AD) was varied significantly; as such, it was suggested that a greater
understanding of the organics chemical behavior is required in order to determine their
suitability for use in agronomic applications.
Herein, we have worked to address the identified research gaps. To do so, we investi-
gate alkaline soil due to its abundance in the Pakistan’s cultivable land, which is extremely
deficient in available P. To improve the mechanistic understanding of P sorption character-
istics, the impact of various amendments: sewage sludge (SS), SS-biochar, and composts of
SS with rock phosphate (RP) and farm manure (FM) on the P sorption characteristics of
the alkaline calcareous soils under incubation was assessed. It was hypothesized that the
composition and mixture of different organic sources would regulate the P behavior (sorp-
tion and release) in agricultural soils. This hypothesis was tested through (1) evaluating
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the impact of single component amendments of sorption isotherms and (2) evaluating P
sorption behavior of their combinations in different ratios.
2. Material and Methods
2.1. Experimental Site
The soil used in this study was collected from the experimental area of the Bahauddin
Zakariya University, Multan (Latitude 030◦15′36′′ N and Longitude 071◦30′53′′ E). The
selected soil is well-drained, weakly structured, and moderate to strongly calcareous.
A detailed characterization of this soil may be seen in our previous study [31]. The
experimental region falls under a semi-arid subtropical climate.
2.2. Experimental Inputs
The sewage sludge was collected from a waste-water treatment plant of Multan district
in south Punjab of Pakistan [31]. The rock phosphate was collected from rocks classified
as sedimentary and igneous consistent with those commonly used in the production of
P-based fertilizers. A detailed description of the source and characteristics of the rock
phosphate are reported by [32]. The biochar was produced through the slow pyrolysis of
sewage sludge at 450 ◦C using a vertical silo-type reactor [33].
The detailed composting procedure and basic properties are referred to in our recent
studies [34]. Briefly, the mixtures of sewage sludge (SS), rock phosphate (RP), and farm
manure (FM) were packed into belowground compost heaps and covered. Aeration was
provided through perforated pipes, and mixtures were turned regularly until maturity.
Each material was ground to <150 µm using a pestle and mortar. The Fourier transform
infrared spectroscopy (FTIR, Agilent Cary 630 FTIR Spectrometer) was used for the anal-
ysis of the farm manure, sewage sludge, rock phosphate, and co-composts. The spectra
wavelength range used was 400 to 4000 cm−1. The X-ray diffraction (XRD) analysis was
performed on 15 mg samples using an Olympus BTX90012 with a cobalt X-ray source
(30 kV Co anode micro-focus X-ray tube) coupled with a high-resolution charge-coupled
device (CCD) detector (0.25◦ 2θ FWHM), and XRD range 5–55◦ 2θ. X-powder software
(version 2010, PRO, XPOWDER Granada, Spain) was used for phase-identification and
semi-quantification of the generated spectra. For the preparation of the compost, different
proportions of the sewage sludge, farm manure and rock phosphate were mixed and
composted (Table 1, detailed physicochemical properties have been reported in Rehman
and Qayyum [27]).
Table 1. Composition of the composted mixtures used as sample treatments. SS = sewage sludge,




Composition of Composted Material (%)
SS SS-BC FM RP
T1 Control - - - -
T2 SS 100 - - -
T3 SS-BC - 100 - -
T4 SS50:FM50 50 - 50 -
T5 SS75:FM25 75 - 25 -
T6 SS25:FM25:RP50 25 - 25 50
T7 SS50:FM25:RP25 50 - 25 25
T8 SS75:RP25 75 - - 25
T9 SS50:RP50 50 - - 50
2.3. Experimental Setup
The following treatments were prepared: T1 control, T2 sewage sludge, T3 sewage
sludge biochar, T4 SS50:FM50, T5 SS75:FM25, T6 SS25:FM25:RP50, T7 SS5O:FM25:RP25, T8
SS75:FM0:RP25, and T9 SS50:FM0:RP50. All the treatments, except for T1 (control), were
thoroughly homogenized at a rate of 1 g inorganic-P (KH2PO4) in 100 g air-dried soil and
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filled into glass jars (capacity 250 mL). The jars were covered with a lid and incubated in
the dark at 26 ◦C for 45 days. The jars were maintained at 50% water-holding capacity
(WHC) with water loss monitored twice a week and corrected on a weight loss basis. The
soil was sub-sampled (50 g sample collected) at day 5 and 45 of the incubation period.
Sub-samples were oven-dried at 65 ◦C before being ground to pass through a 2 mm sieve
and analyzed for pH, electrical conductivity (EC), Olsen-P, and P-adsorption isotherm.
A suspension of soil and water (1:5) was used for the determination of pH and EC
using pH meter (BANTE PHS-25CW) and EC meter (BANTE DDS-11AW). For Olsen-P,
a commonly used indicator of soil fertility, a 0.5 g sample was equilibrated with 10 ml
of NaHCO3 and filtered. The P concentration in the extracts was determined using the
molybdenum blue methods as described by Murphy and Riley [28].
Briefly, for determination of the P sorption, 1 g of each soil treatment was equilibrated
with 10 mL (0.01 M) CaCl2 solution containing different P concentrations (0, 1, 2, 5, 10, 20,
40, 80, and 100 mg P L−1 as KH2PO4). Then, samples were shaken for 24 h at 25 ± 1 ◦C,
after which the suspensions were allowed to settle and filtered (Whatman 42). A 1 mL
sample of the filtrate was taken for molybdenum blue color development following [35]
and analyzed for P on a spectrophotometer (BMS CANADA UV 1602) at a wavelength
of 882 nm. The concentration of adsorbed P was plotted against intensity (equilibrium
P concentration), and Langmuir and Freundlich equations were using to calculate the P
absorption isotherms for each treatment.
2.4. Statistical Analyses
The results obtained for the P sorption and physicochemical properties of the incu-
bated soils were subjected to analysis of variance (ANOVA). Any significant difference
among various treatment means were determined by applying Tukey’s Honest Significant
Difference Test (Tukey’s HSD). The relationship between the measured physicochemical
properties was determined by correlation analysis. All statistical analyses were performed
using Statistix (version 8.1, Analytical Software, FL, USA).
3. Results
3.1. Characterization of the SS, SS-BC, RP, FM, and Their Co-Composts
The physicochemical properties of the co-composts used in this study have been
reported and discussed in detail by [34]. Herein, we present the identification of minerals
through XRD and characteristics of functional groups through FTIR.
3.1.1. Nutrient Analysis of SS and SS-BC
The sewage sludge (SS) and sewage sludge biochar (SS-BC) were analyzed for pH,
EC, total organic matter, metal concentration, nitrogen, and phosphorus concentration.
In SS, pH and EC were almost 6.67 and 1200 µsm−1, respectively. Total organic matter
was 22.45%, and total nitrogen was 1.45%. The phosphorus fractions—total-P, inorganic-
P, organic-P, and Olsen-P—were 13.33 g kg−1, 12.89 g kg−1, 0.44 g kg−1, and 7.76 mg
kg−1, respectively. In SS-BC, the pH, EC, and OM were 8.45, 1600 µsm−1, and 25.5%,
respectively. The total nitrogen concentration was 0.43% while phosphorus fractions—
total-P, inorganic-P, organic-P and Olsen-P—were 13.03 g kg−1, 12.77 g kg−1, 0.27 g kg−1,
and 8.25 mg kg−1, respectively.
3.1.2. Mineralogical Analysis of the Raw SS, SS-BC, RP, and FM Materials
The XRD patterns of the SS and SS-BC presented in Figure 1 show a mixture of
various phases.
The SS samples comprised astrophyllite mineral (2θ 9.68, d-spacing 10.595), which
contains K, Na, Mg, Ti, Mn, Fe, Si, H, O, and F as constituent elements; quartz (2θ 31,
d-spacing 3.34); KHCO3 as sicherite (2θ 39.67, d-spacing 2.64); gypsum (2θ 24.14 d-spacing
4.25); and mica (2θ 10.85 d-spacing 9.46).
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Meanwhile, the SS-BC sample showed quartz enrichment, kyanite (2θ 4.51 d-spacing
4.48), and traces of pyroxene (2θ 24.14 d-spacing 4.25). The rest of the minerals found in
the SS such as astrophyllite, gypsum, and mica were not observed in the SS-BC.
The XRD spectrum for the FM shows the presence of three main minerals: armstrongite
(CaZrSi6O15•3(H2O), d-spacing 3.05 and 4.30), berlinite (AlPO4, d-spacing 3.33), and
heklaite (KNaSiF6, d-spacing 2.28) (Figure 2). Based on the XRD data, it is evident that the
FM was composed of alkaline element enriched minerals such as armstrongite, and kyanite
minerals (aluminosilicates) and heklaite), which comprise K, Na, Si, and F. The presence
of these elements in the FM is expected to have occurred through the food chain (coming
from soil to fodder, which is eaten and then becomes part of cattle manure (FM)).
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The XRD for the co-composts of SS, FM, and RP (T4–T9 treatments, Table 1) are
presented in Supplementary Figure S1. The XRD peaks show a mixture of various phases
in the treatments:
T4 (SS50:FM50) comprises pentagonite (2θ 12.30, 16.81, 23.0, d-spacing 8.34, 6.12, 4.48),
moganite (2θ 30.9, 23.0, d-spacing 3.6, 4.48), kanemite (2θ 10.05, 25.79, 30.26, d-spacing
10.21, 4.0, 3.43), and kyanite (2θ 22.93, d-spacing 4.50).
T5 (SS75:FM25) comprises moganite, (2θ 30.9, 23.0, d-spacing 3.6, 4.48, fibraferrite
(2θ 8.48, d-spacing 12.1); pentagonite (2θ 12.30, 16.81, 23.0, d-spacing 8.34, 6.12, 4.48),
astrophyte (2θ 9.77, d-spacing 10.51), and gypsum (2θ 24.14, d-spacing 4.28).
T6 (SS25:FM25:RP50) showed an enrichment of pentagonite (2θ 12.30, 16.81, 23.0, d-
spacing 8.34, 6.12, 4.48), kyanite (2θ 22.93, d-spacing 4.50), moganite (2θ 30.9, 23.0, d-spacing
3.6, 4.48), and fluorapatite (2θ 37.30, d-spacing 2.79).
T7 (SS50:FM25: RP25) showed an enrichment of coalingite (2θ 16.50, 8.25, d-spacing
6.23, 12.43), cancrinite (2θ 16.30, d- spacing 6.31), feldspar 2θ 32.05, d-spacing 3.24), and
fibroferrite (2θ 8.50, d-spacing 12.07).
T8 (SS75:FM0:RP25) indicated an enrichment of MgSO4.(H2O) (2θ 21.45,30.46, d-spacing
4.80, 3.40), moganite (2θ 30.9, 23.0, d-spacing 3.6, 4.48), fibraferrite (2θ 8.48, d-spacing 12.05),
pentagonite (2θ 12.30, 16.81, 23.0, d-spacing 8.34, 6.12,4.48), kyanite (2θ 22.93, d-spacing
4.50)), and gypsum (2θ 24.14, d-spacing 4.28).
T9 (SS50:FM0: RP50) showed a presence of moganite (2θ 30.9, 23.0, d-spacing 3.6, 4.48),
and kyanite (2θ 22.91, d-spacing 4.50); however, the pentagonite mineral was lost in this
XRD-pattern.
3.1.3. FTIR Spectra of Co-Compost Materials
The FTIR spectra for the co-composts are provided in Figure 3. The major spectra
peaks for each co-compost were:
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Figure 3. Fourier transform spectra of the co-composts of different treatment mixtures in ratios where
SS = sewage sludge, FM = farm manure, RP = rock phosphate.
T4 (SS50:FM50) showed major peaks at 774.8, 988.3, 1422.8, 1626.4, 2104.9, 2323.7,
2925.9, and 3522.7 cm−1.
T5 (SS75:FM25) sh wed major peaks at 775.19, 990.4, 1422.01, 1625.7, 2096.2, 2924.15,
3366.3, and 3386.9 cm−1.
T6 (SS25:FM25: RP50) showed peaks at 776.96, 1025.5, 1425.5, 1638.06, and 1774.46 cm−1.
T7 (SS50:FM25:RP25) show d the major peaks at 776.47, 997.8, 1429.4, 1628.19, 2116.0,
2320.4, and 3381.0 cm−1.
T8 (SS75:FM0:RP25) showed major peaks at 775.9, 998.0, 1428.7, 1638.63, 1776.9, 2095.2,
2322.0, and 3375.8 cm−1.
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T9 (SS50:FM0:RP50) showed major peaks at 777.8, 1028.8, and 1453.1 cm−1.
The weak peaks at 770–780 cm−1 show the presence of multiple arsenic species (As).
The peaks are varied across the spectra as their solubilities changed during composting
processes. Peaks at 774.8–777.8 cm−1 have been attributed to the presence of aromatic
rings [36]; however, as the source of these compost materials was sewage sludge, we
suggest that in this study, they are due to the presence of arsenic. Very sharp peaks
were observed at 988 to 1025 cm−1 in all the composts, which may be attributed to the
polysaccharides and silicate vibrations.
3.2. Soil pH and EC, and Olsen’s P
The post-incubation soil pH was not significantly affected by any of the treatments
after either the 5 or 45 days of incubation (Figure 4). For most treatments, soil EC was
significantly higher after 5 days of incubation. The maximum EC (330 µSm−1) was observed
in control treatment after 5 days, while the soil EC was lower for all other treatments when
compared to control (Figure 4).
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and T9 (SS50:FM0:RP50) after 5- and 45-days incubation. The bars represent means ± SE for three
replicates. Different letters (for 5 d and 45 d) above bars represent significant differences among
treatments at p ≤ 0.05 using ANOVA followed by Tukey’s Honest Significant Difference Test (Tukey’s
HSD) test.
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The soil Olsen-P was analyzed after 5 and 45 days of incubation and showed the
significant variation between treatments at both time intervals (Figure 5). After 5 days of
incubation, the maximum Olsen-P was in T6 (79.41 mg kg−1 soil) and T4 (76.79 mg kg−1
soil), and the minimum in T2 (50.41 mg kg−1 soil) and T1 (control) (31.01 mg kg−1 soil).
Whilst a similar trend was seen after 45 days of incubation, the observed Olsen-P values
were lower overall.
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Figure 5. The effect of each treatment combination: T1 (control), T2 (SS), T3 (SS-BC), T4 (SS50:FM50), T5
(SS75:FM25), T6 (SS25:FM25:RP50), T7 (SS50:FM25:RP25), T8 (SS75:FM0:RP25), and T9 (SS50:FM0:RP50);
on Olsen-P concentration following 5 days (dark gray bars) and 45 days (white bars) of incubation.
The bars represent means ± SE for three replicates. Different letters (for 5 d and 45 d) above bars
represent significant differences among treatments at p ≤ 0.05 using ANOVA followed by Tukey’s
HSD test.
3.3. Sorption Parameters
The P adsorption characteristics as derived using Langmuir and Freundlich equations
are shown in Tables 2 and 3, respectively. The results indicated that both adsorption
equations have a good ability to predict the amount of P adsorption, which indicates that
there are variabilities in the P adsorption characteristics for the studied soil. This is further
supported by the uniform linearity (r2 > 90) of the curves generated for both equations
(Supplementary Figures S2–S5). The P adsorption was observed to increase with increasing
P concentration in solution. After 5 and 45 days of incubation, the treatments significantly
affected (p ≤ 0.05) the sorption capacity (Sm). However, significant differences (p ≤ 0.05)
were observed between treatments (Table 2). The sorption capacity was lower in 45 d
incubated samples compared with 5 d incubated samples. Treatments T2, T3, and T4 had
significantly lower values of maximum sorption (Smax) after 45 d of incubation compared
to the T1 (control) and other treatments. Stronger conformity (r2) was observed for both 5-
and 45-days incubated soil treatments. Sorption capacity (Sm) decreased significantly in all
combinations of treatments when compared with the control.
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Table 2. Sorption (Langmuir equation) parameters for each treatment combination after 5 and 45 days of incubation. The
values are means ± standard error for four replicates. The treatments sharing a letter in the parenthesis are not significantly
different from each other at p ≤ 0.05.
5 d 45 d
Treatments k Smax R2 k Smax R2
Control 0.06(ab) ± 0.0 540.61(c) ± 3.67 0.99(a) ± 0.01 0.04(a) ± 0.00 582.59(bc) ± 5.27 0.93(a) ± 0.01
T2 (SS) 0.12(ab) ± 0.03 887.04(abc) ± 110.15 0.91(a) ± 0.05 0.12(a) ± 0.11 189.85 (c) ± 189.15 0.84(a) ± 0.08
T3 (SS-BC) 0.18(ab) ± 0.04 756.59(bc) ± 97.16 1.00(a) ± 0.00 0.06(a) ± 0.05 272.59 (c) ±272.44 0.94(a) ± 0.02
T4 (SS50:FM50) 0.25(a) ± 0.12 606.48(bc) ± 76.69 0.98(a) ± 0.01 0.06(a) ± 0.03 248.61(c) ± 248.39 0.82(a) ± 0.09
T5 (SS75:FM25) 0.05(ab) ± 0.00 668.75(bc) ± 9.77 0.70(a) ± 0.08 0.08(a) ± 0.01 648.03(bc) ± 18.81 0.92(a) ± 0.02
T6 (SS25:FM25:RP50) 0.04(a) ± 0.01 1288.22(a) ± 271.02 0.66(a) ± 0.20 0.02(a) ± 0.00 1531.79(a) ± 36.86 0.66(b) ± 0.03
T7 (SS50:FM25:RP25) 0.05(ab) ± 0.00 988.06(abc) ± 37.73 0.87(a) ± 0.01 0.06(a) ± 0.00 860.77(abc) ± 12.69 0.919(a) ± 0.03
T8 (SS75:FM0:RP25) 0.11(ab) ± 0.00 1018.46(abc) ± 23.39 0.96(a) ± 0.00 0.099(a) ± 0.00 1062.37(ab) ± 18.10 0.97(a) ± 0.01
T9 (SS50:FM0:RP50) 0.10(ab) ± 0.00 1073.54(ab) ± 22.31 0.96(a) ± 0.00 0.08(a) ± 0.00 1178.58(ab) ± 13.79 0.92(a) ± 0.03
SS = sewage sludge, BC = biochar, FM = farm manure, RP = rock phosphate.
Table 3. Sorption (Freundlich equation) parameters for each of the treatment combinations after 5 and 45 days of incubation.
The values are means ± standard error for four replicates. The treatments sharing a letter in the parenthesis are not
significantly different from each other at p < 0.05.
5 d 45 d
Treatments Intercept Slope R2 Intercept Slope R2
Control 0.30(c) ± 0.03 0.64(a) ± 0.01 0.96(a) ± 0.00 0.23(e) ± 0.02 0.73(a) ± 0.01 0.95(ab) ± 0.00
T2 (SS) 1.54(ab) ± 0.15 0.36(d) ± 0.05 0.91(abc) ± 0.03 2.03(a) ± 0.02 0.19(f) ± 0.00 0.90(abc) ± 0.01
T3 (SS-BC) 1.63(a) ± 0.15 0.27(d) ± 0.06 0.90(ab) ± 0.04 1.88(ab) ± 0.01 0.27(ef) ± 0.00 0.95(ab) ± 0.01
T4 (SS50:FM50) 1.60(ab) ± 0.24 0.31(cd) ± 0.08 0.81(abc) ± 0.10 1.36(c) ± 0.23 0.39(ed) ± 0.07 0.92(abc) ± 0.03
T5 (SS75:FM25) 1.09(a) ± 0.05 0.42(bcd) ± 0.02 0.82(c) ± 0.04 1.38(bc) ± 0.13 0.35(de) ± 0.03 0.85(c) ± 0.03
T6 (SS25:FM25:RP50) 0.75(bc) ± 0.11 0.58(ab) ± 0.03 0.83(bc) ± 0.04 0.64(d) ± 0.03 0.60(b) ± 0.01 0.71(d) ± 0.02
T7 (SS50:FM25:RP25) 0.91(b) ± 0.08 0.52(abc) ± 0.02 0.87(abc) ± 0.01 1.08(cd) ± 0.02 0.47(cd) ± 0.01 0.87(bc) ± 0.02
T8 (SS75:FM0:RP25) 1.10(b) ± 0.03 0.52(abc) ± 0.00 0.96(a) ± 0.00 0.97(cd) ± 0.03 0.56(bc) ± 0.01 0.97(a) ± 0.01
T9 (SS50:FM0:RP50) 1.00(bc) ± 0.02 0.56(a) ± 0.00 0.97(a) ± 0.00 0.80(d) ± 0.08 0.62(ab) ± 0.02 0.97(ab) ± 0.01
SS = sewage sludge, BC = biochar, FM = farm manure, RP = rock phosphate.
4. Discussion
The mineralogy data for the co-composts show an abundance of alkaline minerals
in the SS, which were modified in the SS-BC as well as when composted with FM and
RP. The soluble minerals present in the raw materials, such as K2CO3, were not present
in the co-composts. In addition, the armstrongite found in the raw FM disappeared in all
FM co-composts. This suggests that the composting process resulted in their loss through
biochemical changes. Comparison between treatments shows that soluble minerals, such as
potassium carbonates, became soluble in most of the composts tested during this study as
their proportions decreased [37]. Moreover, the soluble organic compounds are converted
into stable humic complexed during composting and thus influence on mineralogy of the
end product [38].
The pyrolysis of SS altered its mineralogy as a result of the thermal transforma-
tions [39]. The identification of the minerals in SS and SS-BC match those described by [40].
The FTIR data show that the weak C-stretching peaks at 1410 to 1450 cm−1, which are
obvious in all compost treatments, may be assigned to the presence of heteroaromatic
structures [41]. In all composts where FM was added, the C-stretching shifted from 1414 to
1428 cm−1 [42].
The increase in soil pH after application of compost is a well-known mechanism;
however, our results show that the pH was not affected by the co-compost of sewage. In
contrast to our results, Ref. [43] reported a significant increase in soil pH because of the
application of compost. In that study, the application rates of composts were much higher
as compared with present experiment. This might be the possible reason for the higher
increase in soil pH.
The results presented herein (Figure 5) show that the application of co-composts
significantly influenced Olsen-P and adsorption parameters. After the 45-day incubation
period, the maximum P was recorded in the T9 SS50:FM0:RP50 (87.19 mg kg−1) treatment.
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The SS and RP in combination with FM (T6 SS25:FM25:RP50 and T7 SS50:FM25:RP25) enriched
the total-P as well plant-available P, suggesting that the final product has the potential
to be an alternative to non-renewable inorganic-P fertilizer. [34] also observed that the
P concentration was increased by the application of compost. Initially, the efficiency of
various SS treatments (depending on collection site and properties) in improving the
soil properties and wheat growth was investigated, with the best-performing SS chosen
for further investigation. The results of the incubation experiment and the adsorption
isotherm calculations clearly demonstrated the importance of co-compost application in
alkaline–calcareous soil. Composting of RP in combination with organic wastes, such as
manures, increases the P solubility. However, this is greatly dependent on the type and
amount of organic waste. Previous studies show that total-P as well as plant-available P
increase in the soil after the application of RP composts [44,45]. Moreover, the composted
RP tends to decompose and solubilize the P in soil over time. The P sorption capacity
was decreased with the application of co-composts of sewage sludge, which is in line with
previous findings [46,47].
After 5 d and 45 d of incubation, the treatments affected the sorption capacity (Sm),
and significant differences were observed between treatments (Table 2). For instance,
higher Sm values were observed after 5 days of incubation, suggesting the release of the
soluble P fraction from all treatments. However, this effect was decreased with the passage
of time, as indicated after 45 days of incubation. Previously, it was reported that the P
release from P-enriched composts is increased in 8 to 12 days of soil amendment [48] while
later, on a stable pool is formed. The T3 (SS-BC) yielded the lowest Sm values, which is
probably because of the adsorbent nature of the biochar [49]. Stronger conformity (r2) was
observed in the treatments that were incubated for 45 days incubation soil compared to
those that were incubated for 5 days. The results of this study demonstrate that soil pH
and P adsorption were the main predictors of P activity in the studied soil.
5. Conclusions
This study considered the P sorption mechanisms taking place within the treated
alkaline and calcareous soils. The results revealed that the presence of a stable pool of
bioavailable P within an alkaline calcareous soil can be achieved through amendment with
sewage sludge and biochar. Whilst the composts of sewage sludge can be used effectively,
however, they contain a higher portion of soluble P, which may be adsorbed to the soil
surfaces. Further work is required to better understand the potential for co-composting with
rock phosphate and farm manure to improve the availability of phosphorus. Furthermore,
here, we have used only one soil; therefore, insight into the factors that govern these
mechanisms may be gained through the study of a wider range of soil types. Field evidence
further augments the observed mechanisms under controlled conditions. Thus, field studies
under a wider variety of environmental (temperature and moisture) and soil conditions
are suggested.
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using Langmuir (45 d incubation samples); Figure S4. Sorption equation fitted using Freundlich (5 d
incubation samples); Figure S5. Sorption equation fitted using Freundlich (45 d incubation samples).
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